Background-Pulmonary arterial hypertension (PAH) is a life-threatening disease, characterized by vascular smooth muscle cell hyperproliferation. The calcium/calmodulin-dependent phosphodiesterase 1 (PDE1) may play a major role in vascular smooth muscle cell proliferation. Methods and Results-We investigated the expression of PDE1 in explanted lungs from idiopathic PAH patients and animal models of PAH and undertook therapeutic intervention studies in the animal models. Strong upregulation of PDE1C in pulmonary arterial vessels in the idiopathic PAH lungs compared with healthy donor lungs was noted on the mRNA level by laser-assisted vessel microdissection and on the protein level by immunohistochemistry. In chronically hypoxic mouse lungs and lungs from monocrotaline-injected rats, PDE1A upregulation was detected in the structurally remodeled arterial muscular layer. Long-term infusion of the PDE1 inhibitor 8-methoxymethyl 3-isobutyl-1methylxanthine in hypoxic mice and monocrotaline-injected rats with fully established pulmonary hypertension reversed the pulmonary artery pressure elevation, structural remodeling of the lung vasculature (nonmuscularized versus partially muscularized versus fully muscularized small pulmonary arteries), and right heart hypertrophy.
cium/calmodulin-dependent PDEs." Three different PDE1 isoforms, namely, PDE1A, PDE1B, and PDE1C, have been reported thus far. 11, 12 Each of the calcium/calmodulin PDEs hydrolyzes both cAMP and cGMP but with different efficacy. PDE1A and PDE1B have higher affinity for cGMP than cAMP, whereas PDE1C hydrolyzes cAMP and cGMP with similar efficiency. Five different PDE1C splice variants, PDE1C1 to PDE1C5, have been reported in human and mouse species. 13, 14 Previous studies reported a high expression of PDE1C in proliferating human arterial SMCs, 15 thereby linking PDE activity not only to regulation of vascular tone but also to control of proliferation. Furthermore, the inhibition of PDE1C in SMCs isolated from normal aorta or from atherosclerotic lesions with antisense oligonucleotides or the PDE1 inhibitor 8-methoxymethyl-isobutyl-1methylxanthine (8MM-IBMX) resulted in suppression of SMC proliferation. 16 Recently, it has been demonstrated that the addition of vinpocetine, another PDE1 inhibitor, enhanced pulmonary vasodilation and cGMP release induced by NO breathing without causing systemic vasodilation. 17 The present study is the first to address a putative role of the PDE1 family in chronic PAH. We investigated the expression and function of PDE1 in 2 established models of experimental pulmonary hypertension and studied the expression of the PDE1 family in human lung explant material.
Methods

Patient Characteristics and Measurements
Human lung tissue was obtained from 5 donors and 5 patients with idiopathic PAH (IPAH) undergoing lung transplantation. Patient characteristics are given in the online Data Supplement. Lung tissue was snap-frozen directly after explantation for mRNA and protein extraction. The study protocol for tissue donation was approved by the ethics committee ("Ethik Kommission am Fachbereich Humanmedizin der Justus Liebig Universität Giessen") of the University Hospital Giessen (Giessen, Germany) in accordance with national law and with "Good Clinical Practice/International Conference on Harmonisation" guidelines. Written informed consent was obtained from each individual patient or the patient's next of kin.
Cell Culture and PDE Activity
A description of cell culture techniques and measurements of PDE isoenzyme activities are provided in the online Data Supplement.
In Vivo Experiments
All experiments were performed according to institutional guidelines that complied with national and international regulations. Mice were exposed to chronic hypoxia (10% O 2 ) in a ventilated chamber, as described previously. 18 Rats were injected with 60 mg/kg monocrotaline (MCT) subcutaneously. 18 -20 A detailed description of the animal models is given in the online Data Supplement.
Hemodynamic Measurements
Animals were anesthetized with ketamine (6 mg/100 g IP) and xylazine (1 mg/100 g IP). The trachea was cannulated, and the lungs were ventilated with room air. Systemic arterial pressure was determined by catheterization of the carotid artery. For measurement of RV systolic pressure, a catheter was inserted into the RV via the right vena jugularis, as described previously. 18
Isolated Mouse Lung Experiments
The isolated perfused lung model has been described in detail previously. 21 (See the online Data Supplement.)
Pharmacological Treatments
To investigate the effects of the PDE1 inhibitor 8MM-IBMX on acute hypoxic vasoconstriction, 4 groups of mice (6 in each group) were studied in isolated lung experiments. Two groups were normoxic animals in which the effect of increasing doses of 8MM-IBMX or placebo on acute hypoxic pulmonary vasoconstriction was investigated. In these experiments, repetitive hypoxic challenges were performed, and 8MM-IBMX or placebo was applied in the normoxic periods. The other 2 groups consisted of chronically hypoxic mice (21 days at 10% O 2 ) in which identical experiments with 8MM-IBMX or placebos were performed.
The long-termAQ effects of PDE1 inhibition were assessed in mice exposed to hypoxia for 35 days and rats injected with MCT for 35 days. After 21 days of either hypoxia or MCT injection, animals were randomized to receive either 8MM-IBMX or placebo via continuous infusion by implantation of osmotic minipumps. As described previously, animals were anesthetized with ketamine/ xylazine, and a catheter was inserted into the jugular vein. 19, 22 The animals received either 20 g of 8MM-IBMX per kilogram per minute or placebo for 14 days.
Assessment of Right Heart Hypertrophy and Vascular Remodeling
The RV was dissected from the left ventricle and septum (LVϩS), and these dissected samples were weighed to obtain the RV to LVϩS ratio [RV/(LVϩS)]. 18 -20 A detailed description of the methods is given in the online Data Supplement.
Laser-Assisted Microdissection
Microdissection was performed as described in detail previously. [23] [24] [25] In brief, cryosections (10 m) from lung tissue were mounted on glass slides. After hemalum staining for 30 seconds, the sections were subsequently immersed in 70% and 96% ethanol and stored in 100% ethanol until use. No more than 10 sections were prepared at once to reduce the storage time. Intrapulmonary arteries at a size between 50 and 200 m were selected and microdissected under optical control with the Laser Microbeam System (P.A.L.M., Bernried, Germany; Data Supplement Figure I ).
RNA Isolation, cDNA Synthesis, and Relative mRNA Quantification by Real-Time Polymerase Chain Reaction
RNA from laser-microdissected material, lung homogenate, and freshly isolated SMCs was isolated by RNeasy Micro and RNeasy Mini kits, respectively (Qiagen, Hilden, Germany) according to the manufacturer's protocol. For cDNA synthesis, reagents and incubation steps were applied as described previously. 24 (See the online Data Supplement.)
Statistical Analyses
Data are meanϮSEM. For comparison of the pharmacological effects of 8MM-IBMX, 1-way ANOVA with the Student-Newman-Keuls post hoc test was performed. For comparison of 2 groups, a Student t test was performed. Statistical significance was assumed when PϽ0.05.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
PDE1A, PDE1C, and PDE5A Expression in Patients With IPAH
The expression of PDE1A, PDE1C, and PDE5A was investigated by real-time reverse-transcription polymerase chain reaction in lung homogenate, microdissected pulmonary arteries (30 to 100 m in diameter), and isolated SMCs ( Figure  1A) . A strong upregulation of PDE1C and PDE5A was evident in microdissected pulmonary arteries and SMCs of patients with IPAH. Furthermore, a stronger immunoreactivity of PDE1C and PDE5A in lung specimens from IPAH patients, along with ␣-smooth muscle actin colocalization, demonstrated that the site-specific changes of both PDE1C and PDE5A occur especially in the medial layer of pulmonary arteries ( Figure 1B ; supplemental Figure II ). In contrast, only weak expression of PDE1C was detected in pulmonary vessels of healthy donor lung tissue. In addition, PDE1A expression was constitutively present in both donor and IPAH tissue, again located in the medial layer of pulmonary arteries. Immunoreactivity against PDE1A, PDE1C, and PDE5A was also noted for bronchial SMCs in small airways.
PDE1C Activity Is the Major Activity in Human Pulmonary SMCs, and Inhibition of PDE1 Inhibits DNA Synthesis
Human pulmonary artery SMCs obtained from PromoCell (Heidelberg, Germany) were processed to analyze the cAMP/ cGMP hydrolysis activity of different PDE family members. As shown in Figure 2A , a hydrolytic activity of PDEs 3, 4, and 5 was detected, whereas no obvious PDE2 activity was observed. Incubation of the cellular lysate with calcium/calmodulin induced cAMP and cGMP hydrolysis strongly and to an equal degree, which must be attributed to PDE1C expression. In addition, the PDE1 inhibitor PI79 dose dependently inhibited the DNA synthesis of human pulmonary artery SMCs ( Figure 2B ). 
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Expression of PDE1A, PDE1C, and PDE5A in Animal Model of Pulmonary Hypertension
The expression of PDE1A, PDE1C, and PDE5A was investigated in lung homogenate, microdissected pulmonary arteries, and freshly isolated SMCs from MCT-injected rats ( Figure 3A ) and chronically hypoxic mice (21 days, 10% O 2 ; supplemental Figure IIIA ) by quantitative reversetranscription polymerase chain reaction. No significant upregulation of any of the 3 genes was detected in lung homogenate, whereas PDE1A was significantly upregulated in pulmonary arterial SMCs of MCT-treated rats and chronically hypoxic mice. These expression changes were specific for the pulmonary circulation, because no expression changes were found in aortic tissue from MCT rats (supplemental Figure IV ). Immunohistological staining of PDE1A, PDE1C, PDE5A, and ␣-smooth muscle actin in serial sections is given in Figure 3B (MCT rats) and supplemental Figure IIIB (chronically hypoxic mice). Strong immunoreactivity of PDE1A and PDE5A, which colocalizes with smooth muscle actin, confirmed medial expression of these enzymes in experimental pulmonary hypertension. Similar data were obtained from chronically hypoxic mice.
8MM-IBMX Improves Hemodynamics, Right Heart Hypertrophy, and Vascular Remodeling in MCT-Treated Rats
The injection of MCT resulted in severe pulmonary hypertension within 21 days, which was sustained until day 35. RV systolic pressure was increased significantly compared with the saline-challenged group ( Figure 4A ). The PDE1 inhibitor 8MM-IBMX was infused continuously from day 21 to 35 and reversed chronic pulmonary hypertension. Mean systemic arterial pressure ( Figure 4B ), total systemic resistance ( Figure  4D ), and left ventricular pressures (not shown) did not change in any of the treatment groups. Compared with control animals, total pulmonary resistance (0.98Ϯ0.05 mm Hg · mL Ϫ1 · min Ϫ1 per 100 g of body weight) was increased in the MCT group at day 21 (2.14Ϯ0.26 mm Hg · mL Ϫ1 · min Ϫ1 per 100 g of body weight; PϽ0.05) and 35 (3.23Ϯ0.35 mm Hg · mL Ϫ1 · min Ϫ1 per 100 g of body weight; PϽ0.05). In the 8MM-IBMX-treated animals, total pulmonary resistance decreased significantly compared with sham treatment (1.32Ϯ0.33 mm Hg · mL Ϫ1 · min Ϫ1 per 100 g of body weight; PϽ0.05; Figure 4C ). In addition to the hemodynamic changes, structural changes occurred that were characterized by right heart hypertrophy, measured as RV/(LVϩS) ( Figure  5A ), and muscularization of normally nonmuscularized small pulmonary arteries ( Figure 5B ). The muscularization of pulmonary arteries at a size of 20 to 70 m is depicted in an exemplary fashion in Figure 5C through 5E. The continuous infusion of 8MM-IBMX (20 g · kg Ϫ1 · min Ϫ1 ) via implanted osmotic pumps from day 21 to day 35 reversed right heart hypertrophy (PϽ0.05 versus MCT at day 21 and day 35) and increased the portion of nonmuscularized pulmonary arteries (PϽ0.05 versus MCT at day 21 and day 35).
8MM-IBMX Reverses Acute Hypoxia-Induced Vasoconstriction in Isolated Mouse Lungs
The PDE1 inhibitor 8MM-IBMX dose dependently reversed acute pulmonary vasoconstriction in isolated lungs from mice that were kept under normoxic conditions ( Figure 6 , closed circles). Notably, when investigating lungs isolated from mice that were kept for 21 days under hypoxic conditions (10% O 2 ), we noted a significantly enhanced sensitivity to 8MM-IBMX inhibition, as is obvious from the leftward shift of the dose-response curve in these lungs (open circles). This leftward shift signaled higher PDE1 activity in the chronically hypoxic lungs.
8MM-IBMX Improves Hemodynamics, Right Heart Hypertrophy, and Vascular Remodeling in Chronically Hypoxic Mice
Mice kept at hypoxia developed severe pulmonary hypertension within 21 days, which was sustained until day 35. Consequently, RV systolic pressure was increased significantly compared with normoxic animals (Figure 7) . The continuous infusion of 8MM-IBMX (20 g · kg Ϫ1 · min Ϫ1 ) via implanted osmotic pumps from day 21 to day 35 reversed chronic pulmonary hypertension to near normal values (24.0Ϯ2.9 mm Hg, PϽ0.05 versus hypoxia at 21 and 35 days). In hypoxic animals, a significant RV hypertrophy developed as a consequence of increased pulmonary arterial pressures. RV/LVϩS increased from 0.24Ϯ0.05 (controls) to 0.38Ϯ0.04 (21 days of hypoxia) and 0.42Ϯ0.06 (35 days of hypoxia), respectively (both PϽ0.05 versus controls). 8MM- 
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IBMX caused a reduction of this ratio to 0.33Ϯ0.02 (PϽ0.05 versus hypoxia for 35 days). We then quantitatively assessed the degree of muscularization of pulmonary arteries with a diameter between 20 and 70 m. In controls, the majority of vessels of this diameter are nonmuscularized (54%), with lower percentages of partially muscularized (37%) and fully muscularized (9%) vessels (Figure 8 ). In hypoxic animals, both at day 21 and at day 35, a significant decrease in nonmuscularized pulmonary arteries occurred, with a con-comitant increase in fully muscularized pulmonary arteries. Treatment with 8MM-IBMX resulted in a significant reduction of fully muscularized arteries compared with both hypoxia groups (21 days [ie, before start of 8MM-IBMX treatment] and 35 days), and increased the percentage of nonmuscularized pulmonary arteries.
Discussion
Abnormal media proliferation and de novo muscularization are characteristic features of PAH. In the present study, strong vascular upregulation of PDE1C was demonstrated by laserassisted microdissection followed by quantitative reversetranscription polymerase chain reaction in lung explants and isolated pulmonary SMCs from patients with IPAH. Immunostaining consistently demonstrated strong expression of PDE1C in the pulmonary arterial SMCs of the diseased but not the control lungs. In the present study, we also demonstrate that PDE1A is constitutively expressed in the vessel wall. Recently, Wharton et al 26 demonstrated a significant upregulation of PDE5A in lungs from patients with pulmonary hypertension, and the present study confirms the strong pulmonary vascular upregulation of PDE5A in IPAH patients. Chronic hypoxia and MCT injection are well-recognized stimuli for pulmonary vasoconstriction and structural remodeling of the precapillary lung resistance vessels. Hypertrophy and proliferation of vascular SMCs, with complete muscularization of physiologically partially muscularized vessels and de novo muscularization of physiologically nonmuscularized vessel, represent key features of the structural remodeling process. When PDE1A and PDE1C expression was assessed in such remodeled pulmonary vasculature, striking differences to the control rats and mouse vasculature became apparent. The PDE1A isoenzyme was strongly expressed in the pulmonary arteries of lungs from MCT-injected rats and Effects of 8MM-IBMX on the degree of muscularization of pulmonary arteries. Animals were exposed to hypoxia for 21 or 35 days or remained in normoxia throughout (control). The PDE1 inhibitor 8MM-IBMX was applied as continuous intravenous infusion by osmotic minipumps from day 21 to day 35 in hypoxia-exposed animals (nϭ6) at a dose of 20 g · kg Ϫ1 · min Ϫ1 . Control animals received sham infusion (nϭ6). Proportions of nonmuscularized (N), partially muscularized (P), or fully muscularized (M) pulmonary arteries, as a percentage of total pulmonary artery cross sections (20 to 70 m), are given. A total of 60 to 80 intra-acinar vessels were analyzed in each lung. *PϽ0.05 vs control; †PϽ0.05 vs hypoxia at 21 days, ‡PϽ0.05 vs hypoxia at 35 days.
chronically hypoxic mice, with predominant localization in pulmonary arterial SMCs. This was clearly demonstrated by immunostaining in serial sections that showed colocalization with the SMC marker ␣-smooth muscle actin. Moreover, a functional role of this upregulated PDE1 in the control of vasoregulation was demonstrated in isolated lungs from chronically hypoxic mice: The 8MM-IBMX dose-effect curve was significantly shifted leftward, which indicates enhanced sensitivity to this inhibitor and thus a major contribution of PDE1 to the control of lung vascular tone in the chronically hypoxic lungs. A recent study from Evgenov et al 17 demonstrated that selective inhibition of PDE1 augments the therapeutic efficacy of inhaled NO in an ovine model of acute thromboxane-induced pulmonary hypertension, which demonstrates the contribution of PDE1 to pulmonary vascular tone. On the selectivity of 8MM-IBMX for PDE1 versus other PDEs, previously published data from our own group 27 and from others 16 suggest a 10-to 30-fold more selective inhibition of PDE1 versus PDE3 and PDE4, respectively. Thus, at the currently chosen dose, no relevant inhibition of other PDE isoforms is to be expected to contribute to the findings presented here.
In analogy with these findings in the experimental models, very low levels of PDE1C expression were noted in the "quiescent" vascular SMC of the healthy human donor lungs, whereas this isoenzyme was strongly expressed at the mRNA and protein level in the IPAH lungs, confirmed to be localized predominantly in the media of the small pulmonary arteries by immunohistochemistry. In addition to contributing to the regulation of vascular tone in the IPAH lungs, this localization suggests a role of PDE1C in the structural remodeling process underlying the development of severe pulmonary hypertension. Both cAMP and cGMP, targeted by this PDE isoenzyme, have been found to counteract several pathways involved in SMC proliferation. 28, 29 For example, cAMP was shown to inhibit cyclin-dependent kinase 4, extracellular signal-regulated kinase activation, 30 and upregulation of the cyclin-dependent kinase 2 inhibitor p27 kip1 . 31 In line with these observations, prostacyclin, a potent stimulus of vascular cAMP generation, can inhibit proliferation of aortic SMCs by blocking cell cycle progression from the G 1 to the S phase, largely via occupancy of the cAMP response elements in the promoter region of the cyclin A gene, along with an increase in the level of cAMP response element-binding protein transcription factor. 32, 33 Because PDE1C, in contrast to PDE1A and PDE1B, is strongly upregulated during SMC proliferation, 10 it may act as a major cAMP-hydrolyzing PDE in SMCs under these conditions. This does not cast doubt on the role of PDE3 and PDE4, which are also expressed in the medial layer of the pulmonary artery and which also hydrolyze cAMP, 34 but the specific link of PDE1C to the proliferative state of the SMC renders this PDE a particularly interesting candidate for therapeutic intervention aimed at antiremodeling or reversal of remodeling. The PDE activity profile of human pulmonary SMCs demonstrated significant PDE1 activity, which supports the role of PDE 1 in cyclic nucleotide hydrolysis in vascular SMCs. The PDE5 inhibitor sildenafil does possess some inhibitory potency toward PDE1C, although less than PDE5, but some of the strong beneficial effects of sildenafil in PAH patients [35] [36] [37] [38] might also be linked to some extent to its effect on PDE1C. Sildenafil is a PDE 1/5/6 inhibitor, with IC 50 values of 280, 3.5, and 37 nmol/L for the different PDE subtypes. 39, 40 The IC 50 of sildenafil against PDE1 is Ϸ280 nmol/L, and these plasma levels are clearly reached after sildenafil application in men. Paul et al 41 reported plasma levels in the range of 750 ng/mL after oral intake of a single dose of 100 mg of sildenafil in patients with PAH. In addition, plasma levels of 380 ng/mL of the active metabolite desmethylsildenafil were reached. These plasma levels translate into a concentration of Ϸ1.2 mol/L, which clearly indicates the PDE1 inhibitory capacity of sildenafil. In line with these results, another study reported a plasma level of 1070 ng/mL after a single application of 100 mg of sildenafil, 42 which corresponds to Ϸ1.3 mol/L. In both studies, plasma levels above the IC 50 value of sildenafil for PDE1 were maintained over a range of 4 hours. Taken together, we hereby highlight the evidence that in common clinical doses, sildenafil, in addition to its PDE5 inhibitory effects, concomitantly achieves plasma levels capable of inhibiting PDE1. Along with the first proof of PDE1 upregulation in the pulmonary circulation provided in the present report, a strong rationale to explain potential antiproliferative effects via PDE1 inhibition is provided. Moreover, the present findings may add to the understanding of why certain hemodynamic differences between clinically available PDE5 inhibitors were found 7 and explain the strong synergism between sildenafil and cAMP-increasing compounds, eg, inhaled iloprost, which has been demonstrated experimentally 27 and clinically. [43] [44] [45] Using another PDE1 inhibitor, PI79, we demonstrated the inhibition of DNA synthesis of pulmonary SMCs in a dose-dependent manner. Similar results were obtained by inhibition of PDE1C in aortic SMCs with antisense oligonucleotides or a PDE1 inhibitor. 16 More recently it has been shown by Murray et al 46 in pulmonary arterial SMCs from pulmonary hypertensive patients that PDE1C is upregulated on mRNA, protein, and activity levels. Intervention studies on the in vitro level nicely corroborate the present findings in the currently used in vivo disease models. To address the putative antiproliferative potential of PDE1 interference in the pulmonary vasculature in a direct fashion, continuous infusion of the PDE1 inhibitor 8-MM-IBMX via osmotic minipumps, implanted in rats injected with the plant alkaloid MCT and mice undergoing chronic hypoxia, was undertaken. The therapeutic intervention started after pulmonary hypertension, structural remodeling of the lung vasculature, and right heart hypertrophy had fully developed. Most impressively, animals treated intravenously with 8MM-IBMX, but not vehicle-treated controls, showed not only a stoppage of further progression but significant regression of all changes within the next 2 weeks. In particular, the pattern of small pulmonary artery muscularization (nonmuscularized compared with partially muscularized and fully muscularized vessels) nearly approached the profile of control lungs. Thus, reversal of pulmonary artery remodeling was achieved in the 14 day-treatment period, accompanied by regression of right heart hypertrophy.
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In conclusion, strong upregulation of PDE1C in hyperproliferative pulmonary artery SMCs was noted in clinical PAH, both on the mRNA and protein level, and was corroborated on the functional level in the animal model. Long-term infusion of a PDE1 inhibitor reversed pulmonary hypertension, lung vascular remodeling, and right heart hypertrophy in MCT-injected rats and chronically hypoxic mice, in which PDE1A appears to be the responsible PDE1 variant. We suggest that upregulation of PDE1C plays an important role in the structural remodeling process underlying severe pulmonary hypertension, thus offering a target for therapeutic intervention aimed at reversing lung vascular remodeling and subsequent right heart hypertrophy.
